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Abstract
The wettability of amorphous and annealing-induced nanocrystalline Fe78B13Si9 ribbons by molten Sn and Bi at 600
K was measured using an improved sessile drop method. The results demonstrate that the structural relaxation and
crystallization in the amorphous substrates do not substantially change the wettability with molten Bi because of
their invariable physical interaction, but remarkably deteriorate the wettability and interfacial bonding with molten
Sn as a result of changing a chemical interaction to a physical one for the atoms at the interface.
Introduction
Amorphous and nanocrystalline alloys are newly devel-
oped materials with a number of superior physical, che-
mical, and mechanical properties, which are of
significant importance for basic scientific research and
potential engineering applications [1,2]. The amorphous
alloys are characterized by short-range order and long-
range disorder, without the presence of any grain
boundary in their crystallographic structure, whereas,
the nanocrystalline materials possess high specific sur-
face areas and a large density of grain boundaries or
interphase boundaries. These distinct features are
expected to bring about novel phenomena such as wet-
ting at their surfaces/interfaces different from those of
conventional coarse-grained polycrystalline substrates
[3]. On the other hand, up to now, the maximum
dimensions of the bulk amorphous and nanocrystalline
alloys that can be directly prepared are still quite lim-
ited, typically no more than centimeters, thus constrain-
ing their applications in many situations. A potential
way to achieve breakthrough in the size limitation is to
develop appropriate joining techniques [4,5]. Regarding
the fact that the structures of both the amorphous and
nanocrystalline alloys are thermodynamically metastable,
being very sensitive to heat treatment, the heat input in
the joining should be carefully controlled to avoid a
wide range of crystallization of the amorphous alloys
and overgrowth of the nanocrystallites, which can
deteriorate properties. Soldering, as a low-temperature
joining process, is a potentially feasible method [5], and
the wettability of these metastable alloys by molten
solders plays a crucial role in this process [6]. However,
only a few preliminary studies [6-10] have so far focused
on this important issue, leaving many fundamental ques-
tions unsolved.
In the large family of the amorphous alloys, the
Fe78B13Si9 alloy represents a basic metallic glass-forming
material with clear crystallization kinetics [11-13]. The
wetting behaviors of the amorphous and crystalline
Fe78B13Si9 alloys by molten Sn and a low-melting-point
Sn-57 wt%Bi alloy have been investigated by Zhang and
colleagues [7-10] using a conventional sessile drop
method. They reported that the equilibrium contact
angles of liquid Sn or the Sn-Bi alloy on the amorphous
Fe78B13Si9 substrates did not decrease monotonically
with increasing temperature, and pre-annealing of the
substrate deteriorated the wettability [7,8]. However, the
explanations for the results are somewhat self-contradic-
tory by the same group. For instance, Xu et al. [7]
claimed that the surface energy (ssv) of the amorphous
alloy was smaller than that of the crystalline alloy, while
Ma et al. [8,10] argued an opposite trend. Moreover, Xu
et al. [7] suggested that the interfacial reaction for the
formation of intermetallic compound (IMC) (they did
not identify the nature of the product) should provide a
driving force for the wetting of the amorphous sub-
strate, while the structural relaxation and crystallization
of the substrate impede the interfacial reaction and thus
deteriorate the wettability. Instead, Ma et al. [8] pro-
posed that the crystallization reaction should provide an
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provided the original work is properly cited.additional force for the spreading. On the other hand,
inconsistency also exists in the interfacial microstruc-
tures in Ma et al.’ss t u d y .I nR e f .[ 9 ] ,t h e yi n d i c a t e dt h e
formation of a reaction (in fact, diffusion) layer at the
interface of the amorphous substrate while no such
layer at the interface of the crystalline substrate,
whereas, in another article [10], they claimed that the
width of the diffusion layer for the Sn-Bi alloy on the
amorphous substrate was much thinner than that on the
crystalline substrate. In addition, a puzzling question is
that the initial contact angles reported by Ma et al.
[8,10] are always 90°, irrespective of the experimental
conditions. This result is rather questionable. We pre-
sume that they might have deliberately used the value of
90° as the initial contact angle. In fact, when using the
conventional sessile drop method, in which the metal to
be molten (e.g., Sn or the Sn-Bi alloy) was preplaced on
the amorphous or pre-crystallized substrate surface, and
then the couple was heated in a contact mode to the
desired testing temperature, it is almost impossible for
them to obtain the true initial contact angles and
spreading kinetics at temperatures higher than the melt-
ing point of pure Sn or the Sn-Bi alloy since the wetting
and melting begin simultaneously. On the other hand,
the separation of the pre-annealing treatment and the
wetting test could make the pre-crystallized substrates
readily polluted and difficult to be handled because of
their fragile nature.
In this article, we investigated the wettability of amor-
phous and annealing-induced nanocrystalline Fe78B13Si9
surfaces by molten pure Sn and Bi using an improved
sessile drop method with a primary purpose to clarify
the effect of this structural transition on the wettability
as well as to determine the key factor that controls the
wettability between them.
Experimental procedure
The amorphous Fe78B13Si9 ribbons were about 30 μmi n
thickness and 20 mm in width. Thermal analysis using a
differential scanning calorimeter (DSC, Netzsch STA
409 PC, Germany) at a heating rate of 20 K min
-1 in an
argon atmosphere revealed a glass transition tempera-
ture (Tg) of 680 K and a crystallization onset tempera-
ture (Tc) of 798 K, followed by two successive
crystallization exothermic peaks at 810 and 826 K,
respectively. It should be mentioned, however, that the
crystallization kinetics of this amorphous alloy is sensi-
tive to compositions (mainly B and Si) [11], heat condi-
tions such as heating rate [12,13], and impurities like
carbon [13].
Before the wetting experiment, the surface of the
Fe78B13Si9 ribbons was carefully polished using diamond
pastes to average roughness of 30 ± 10 nm (Ra)a n d
then immersed in acetone for ultrasonic cleaning. The
pure Bi (>99.99 wt%) and Sn (>99.999 wt%) samples
were cut into small cubes weighing 120 ± 10 mg. An
improved sessile drop method was adopted, i.e., the
l i q u i dd r o pw a sd i s p e n s e df r o mas m a l lh o l e( 1m mi n
diameter) at the bottom of an alumina tube (99.6 wt%
purity) only when the preferred testing temperature
(600 K) was reached. Detailed information can be found
elsewhere [14]. The most significant advantage of this
improved method lies in the separate locating of the
s u b s t r a t ea n dt h ep u r em e t a l ,a n dt h u st h eF e 78B13Si9
amorphous ribbons, which were initially fixed on an alu-
mina support and adjusted to a horizontal position, can
be pre-annealed at different temperatures ranging
between 600 and 1000 K for 10 min in a high vacuum
(approx. 3 × 10
-4 Pa) to produce various structures and
phases through relaxation and crystallization, and then
cooled at 15 K min
-1 to the constant temperature of
600 K for the wetting test. Other advantages include
mechanical removal of the oxide film covering the drop
surface and elimination of the prior interaction between
the drop and the substrate during heating, thus making
the measurement of contact angle more accurate and
reliable. As soon as the liquid was dropped and rested
on the substrate, photos were taken using a high-resolu-
tion digital camera at a maximum speed of two frames
per second under the illumination of 50-mW parallel
laser beams with a diameter of 30 mm. The captured
drop profiles were analyzed by an axisymmetric drop
shape analysis program to calculate the contact angles.
The substrate surfaces outside the drop were examined
by X-ray diffraction (XRD, D/Max 2500PC, Japan) to
identify the structure and phase changes from the amor-
phous to crystalline states. Selected solidified wetting
couples were cross-sectioned and polished for interfacial
microstructure observation using a scanning electron
microscope (JSM 5310, Japan) coupled with an energy
dispersive spectrometer (EDS, link-ISIS, Oxford,
England).
Results and discussion
Figure 1 shows the XRD patterns of the Fe78B13Si9 rib-
bons after annealing at various temperatures for 10 min
and then wetting at 600 K for 1 h. As indicated, when
the annealing temperature (hereafter represented by Ta)
was no more than 725 K, the Fe78B13Si9 ribbons were
basically still in the amorphous state. Nevertheless, as a
result of heating, structural relaxation may take place,
which caused changes in the arrangement of the atoms
within the amorphous structure before the beginning of
the crystallization. As the annealing temperature rose, a
weak diffraction peak, corresponding to a-Fe(Si), began
to appear when Ta was 725 K, which was much lower
than the crystallization onset temperature (Tc) deter-
mined by DSC. This result might be explained by the
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Fe78B13Si9 alloy is relatively poor and an isothermal
dwell at temperatures lower than Tc c o u l dl e a dt oi t s
crystallization [12,13]. With a further increase in Ta,t h e
amorphous structure gradually faded away, replaced by
the emergence of multiphases such as a-Fe(Si), Fe3Si,
Fe15B2Si3,a n dF e 2B in the matrix. However, only the
Fe3Si and Fe2B IMCs were finally stable in the substrates
annealed at high temperatures. Based on the Scherrer
equation [15], the average grain size of the precipitated
phases was estimated to be no more than 70 nm even
after annealing at 1000 K for 10 min, suggesting that
the ribbons were in the nanocrystalline state after
polycrystallization.
Figure 2a, b shows the variations in contact angle with
time during the isothermal (600 K) wetting tests of the
Bi and Sn drops on the Fe78B13Si9 ribbons annealed at
different temperatures, and Figure 2c, d show the varia-
tions in the initial (at t = 0 s) and final (after wetting for
1 h) contact angles with Ta, respectively. For the Bi/
Fe78B13Si9 system, the contact angles remained almost
constant during the 1-h isothermal dwell and they did
not vary noticeably with Ta, even though a slightly larger
value was observed at temperatures approaching the cri-
tical crystallization point (i.e., 725 K according to Figure
1a). Clearly, the Fe78B13Si9 ribbons could not be wetted
by molten Bi, regardless of the annealing temperature,
or more exactly, of the substrate structure and phase
changes as well as grain growth. However, for the Sn/
Fe78B13Si9 system, despite the fact that the initial con-
tact angles do not vary considerably with Ta,t h ef i n a l
contact angles and the wetting dynamics indeed do, par-
ticularly for the substrates being in the apparently amor-
phous state (i.e., when Ta is lower than 725 K). In this
range, the contact angle decreased first rapidly and then
progressively with time. The lower the annealing tem-
perature, the faster the spreading rate, suggesting that
structural relaxation in the amorphous substrates gives
Figure 1 XRD patterns for the Fe78B13Si9 substrates annealed at various temperatures for 10 min and then after the wetting at 600 K
for 1 h.
Shen et al. Nanoscale Research Letters 2011, 6:318
http://www.nanoscalereslett.com/content/6/1/318
Page 3 of 7rise to an appreciable decrease in the wettability. As Ta
approached 725 K, the triple line of the liquid drop
advanced very slowly and even stopped moving, indicat-
ing that the primary crystallization significantly deterio-
rates the wettability. After the crystallization, similar to
that in the Bi/Fe78B13Si9 system, the contact angle did
no longer change with time, nor with the annealing
temperature. In this sense, the nanocrystalline Fe78B13Si9
substrates possess much poorer wettability by molten Sn
compared with their amorphous counterparts.
Figure 3a, b, c shows the cross-sectional morphologies
of the Bi-Fe78B13Si9 interfaces. All the Bi drops were
separated from the Fe78B13Si9 surfaces during either
cooling or later cutting for metallographic sample pre-
paration, indicating very weak interfacial bonding. A
thorough EDS analysis on both the cross-sectional inter-
faces and the separated surfaces (i.e., the bottom surface
of the solidified drops and the contact surface of the
substrates) revealed the absence of any reaction layer
and diffusion layer. Figure 3d, e, f shows the cross-sec-
tional microstructures of the Sn-Fe78B13Si9 interfaces. In
contrast to the Bi-Fe78B13Si9 couples, a much more inti-
mate contact was observed for the solidified Sn drops
on the amorphous substrates, indicating strong interfa-
cial bonding. However, for the as-crystallized substrates,
separation was also observed, suggesting that the crystal-
lization greatly weakens the interfacial bonding.
Figure 4a shows the cross-sectional microstructure for
Sn on the Fe78B13Si9 ribbon annealed at 600 K. The pre-
sence of an IMC phase was observed in the vicinity of
the interface. After partial removal of the Sn drop in a
5%HNO3-3%HCl-92%ethanol (in volume) solution and
viewed from the top surface, the IMC phase, in fact,
nucleated at the interface and then grew into the Sn
drop in the shape of bars or tubes, as shown in Figure
4c. The EDS analysis demonstrated that these IMCs
were FeSn2 and there was no visible diffusion layer in
the substrate (Figure 4b), which is quite different from
Figure 2 Variations in contact angle with time at the constant wetting temperature of 600 K (upper) and variations in the initial and
final contact angles with the substrate annealing temperature (lower). (a, c) for the Bi/Fe78B13Si9 system and (b, d) for the Sn/Fe78B13Si9
system.
Shen et al. Nanoscale Research Letters 2011, 6:318
http://www.nanoscalereslett.com/content/6/1/318
Page 4 of 7the observation of Ma et al. [9,10], as we have described
before. On the other hand, the amount of the FeSn2
phase decreased considerably with increasing Ta (e.g.,
c o m p a r eF i g u r e4 cw i t h4 d )a n dn os u c hp h a s ew a s
found for the substrates annealed at temperatures higher
than 710 K.
According to the Young equation,
cosθeq =( σsg − σsl)/σlg, (1)
the equilibrium contact angle (θeq) is determined by
the difference in the solid surface free energy, ssg,a n d
the solid-liquid interfacial free energy, ssl, providing that
the liquid surface tension, slg, is a constant during the
wetting. Again, based on a simple “nearest-neighbor”
interaction model [16], ssg and ssl can be written as
σsg =
Zms
ωs
εss
2
(2)
σsl =
Zmsl
ωsl
εss + εll
2
− εsl

, (3)
where ω is the surface area per atom at the solid (s)
surface or the solid-liquid (sl) interface, Z is the number
of the nearest neighbors in the bulk crystal, m is the
fraction of broken bonds at the surface of solid or liquid
per atom, and εss, εsl,a n dεll are the bond pair energies
between solid-solid, solid-liquid, and liquid-liquid atoms,
respectively. Assuming that the other parameters are
constant, sij is then primarily dependent on εij.W i t h
the increase in Ta, the volume of the Fe78B13Si9 ribbons
underwent an appreciable change, which first expanded
as Ta approached the primary crystallization point and
then decreased rapidly after crystallization, as clearly
observed during the annealing treatment. Since the
volume change reflects the variation in the average
atomic bonding (εss) in the alloy, the solid surface free
energy, ssg, could be regarded as going through first a
decrease and then an increase as Ta increased from 600
to 1000 K, with the minimum value appearing at the
primary crystallization point (725 K), where the volume
expansion was the largest. On the other hand, an
increase in εss usually corresponds to a decrease in εsl.
Accordingly, both ssg and ssl decreased and then
increased with Ta, as inferred from Equations 2 and 3.
In other words, the effect of structural relaxation and
crystallization on ssg and ssl seemed to more or less off-
set by the opposite changes in εss and εsl, thus leading to
a minor change in the initial contact angles for both the
Bi-Fe78B13Si9 and Sn-Fe78B13Si9 systems as a function of
the annealing temperature. A slightly larger contact
a n g l ef o rt h es u b s t r a t e sa n n e aled at temperatures close
to the primary crystallization point may suggest that the
decrease in ssg (or εss)s h o u l db em o r es i g n i f i c a n tt h a n
that in ssl as a result of enhanced volume expansion.
After the contact of the drop with the substrate, the
subsequent wetting was then primarily dominated by
the change in ssl. For the Bi-Fe78B13Si9 system, the mix-
ing enthalpies of Bi-Fe [17], Bi-B [18], and Bi-Si [19] are
all positive, implying lacking of chemical affinity
between Bi and the components in the Fe78B13Si9 alloy.
Therefore, only physical interaction was developed at
the interface and molten Bi cannot spread on the
Fe78B13Si9 surfaces, regardless of the changes in their
structures, phases and grain sizes as a function of Ta.
On the other hand, despite that Sn also failed to
Figure 3 Cross-sectional morphologies for the Bi and Sn drops on the Fe78B13Si9 ribbons annealed at various temperatures.
(a, d) 600 K, (b, f) 800 K, (c) 1000 K, and (e) 710 K.
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when the Fe was in a free atomic state in the substrate,
Fe + 2Sn → FeSn2 (4)
At 600 K, the change in standard Gibbs free energy,
 G0
f, is -7.219 kJ mol
-1 [21]. As is known, the amorphous
alloys were produced by rapid quenching. Under this cir-
cumstance, the atoms in the amorphous alloy seemed to
be suddenly frozen from the liquid and were in an overall
free-of-organization state in their crystallographic struc-
ture [22]. When these atoms contacted liquid Sn, a chemi-
cal interaction developed between Fe and Sn at the
interface, which substantially increased εsl and thus
decreased ssl, leading to an immediate spreading of the Sn
drop. With increasing Ta, on the one hand, ssg decreased
as a result of structural relaxation in the amorphous sub-
strate, and on the other, εsl might be weakened and thus
ssl increased because of local thermally activated bonding
between the atoms such as Fe-B and Fe-Si in the matrix,
as witnessed by the decreasing amount of the FeSn2 phase
formed at the interface (e.g., Figure 4d). As a consequence,
the spreading rate decreased. When Ta approached, or
even higher than, the primary crystallization point (i.e.,
725 K), the crystallization occurred and the IMCs such as
Fe3Si, Fe15B2Si3, and Fe2B formed. Based on the Miedema
Figure 4 Interfacial microstructure, compositional variation and morphology of the IMCs: (a) Cross-sectional microstructure for Sn on the
Fe78B13Si9 ribbon annealed at 600 K. (b) EDS analysis for the compositional change at the line position labeled in (a). (c, d) Top-view
morphologies of the exposed FeSn2 phase grown from the solid-liquid interface into the drop bulk for the substrates annealed at 600 K (c) and
700 K (d), respectively, after partial removal of the solidified Sn drops. The inset in (c) shows the internal hollow structure of the FeSn2 phase.
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kJ mol
-1) and Fe-Si (-116.2 kJ mol
-1) pairs is much more
negative than that for the Fe-Sn pair (-4.4 kJ mol
-1)[ 2 3 ] ,
indicating a much stronger affinity between the compo-
nents in the substrate itself. On the other hand, thermody-
namic calculations for the following reactions
6Sn + Fe3Si → 3FeSn2 +S i , (5)
4Sn + Fe2B → 2FeSn2 +B , (6)
also indicated ΔG
0 > 0 at 600 K [24,25], suggesting that
they are unable to take place. Therefore, it is reasonable
to infer that after the primary crystallization of the sub-
strate, the liquid Sn atoms failed to combine with Fe in
the nucleated and grown nanocrystalline phases, thus
leading to poor wettability and weak interfacial bonding.
Conclusions
1. The structural relaxation and crystallization in the
amorphous Fe78B13Si9 substrates do not significantly
change the initial wettability with molten Bi and Sn.
2. The wettability and interfacial bonding of Fe78B13Si9
by molten Bi are always poor, regardless of the structural
and phase changes in the substrate, because of invariable
physical interaction for the atoms at the interface.
3. The wettability of amorphous Fe78B13Si9 by mol-
ten Sn is much better than that of the nanocrystal-
line substrate. The structural relaxation and primary
crystallization in the amorphous substrate remark-
ably deteriorate the wettability and the interfacial
bonding because of transition from a chemical inter-
action to a physical one in nature.
4. From the viewpoint of wettability, the amorphous
Fe78B13Si9 substrate can be joined by lead-free Sn-
base solders at a temperature much lower than the
pre-crystallization point.
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